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Appendix A The direct energy requirements and emissions of freight
transport.
There are many studies on direct energy requirements and emissions of freight
transport. Table A.1 shows the average energy requirements and emissions
according to different authors. Table A.2 shows energy requirements and
emissions which are more detailed on the vehicles side according to two
sources. Comparison of the sources of table A.1 and A.2 shows rather large
differences among the results. Sometimes, such differences can be explained
easily. The average direct energy requirements and emissions depend on:
• the size and characteristics of the vehicles and thus the composition of the
vehicle fleet;
• whether the traffic under concern is traffic inside or outside the built-up
areas, traffic on the main routes or traffic on secondary and tertiary roads,
etc.;
• the way electricity is produced (in case of electric vehicles and trains);
• whether values include refinery energy requirements and emissions or not;
• the average load factors, etc.
Average direct energy requirements and emissions always include some of such
transport system characteristics. Differences in assumptions with regard to these
characteristics lead to different average energy requirements and emissions.
The differences among the NOx emissions of rail transport results reported
by Bouman and Whitelegg in table A.1 can be explained by the hypothesis that
Whitelegg considers electric trains only while Bouman considers both electric
and diesel-electric trains. Unfortunately, this explanation does not correspond
with some other figures shown in table A.1 and it does not correspond with
figures in table A.2 since Van den Brink considers both electric and diesel-
electric trains as well.
Several sources present figures based on different assumptions with regard to
certain transport system characteristics:
• Plazier (1993) distinguishes among several types of goods and several
diameters of the pipelines in relations to underground transport;
• Daf (d1994) considers specific transport chains which differ with regard to
the average driving speed and the fact if the trips take place on main roads,
secondary roads etc. and in hilly or flat areas;
• Dings (1996) distinguishes among different average driving speeds;
• Van Heijningen (1992a) distinguishes between the average driving speed and
the payload;
• Bus (1996) distinguishes among the load capacity of the vehicles, and,
• Waters (1990) distinguishes between electric trains and diesel-electric trains
and distinguishes among vehicles sizes and load factors.
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211 2.97 0.68 0.9 0.20 0.39 1
2.89 207 3.6 1.1 2.4 2
1.72 278 3.51 1.24 3.1 0.24 3
Rail transport 0.66 102 1.01 0.01 0.02 0.07 0.01 1
0.67 41 0.2 0.08 0.05 2
0.65 104 0.07 0.00 0.00 0.06 3
Inland
shipping
0.45 33 0.26 0.05 0.11 0.04 0.02 1
0.42 30 0.4 0.2 0.12 2





0.25 crude oil 4
0.11 - 0.18 oil products 4
0.5 - 2.4 coal capsules 4
0.17 - 0.33 coal slurry 4
*1 S= source; source 1 = Bouman, anno 1985 (1990); source 2 = Whitelegg, anno 1987 (1991);
source 3 = Van Witsen (1991); source 4 = Groot (1991); source 4 combines Mittal (1982) and
Hoogendoorn (1978).
*2 4.06 MJ/tonkm are the energy requirements for a truck, 1.40 MJ/tonkm are the energy
requirements for a tractor with semitrailer.
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The load factor is a very important factor in interpreting average energy and
emission results. The load factor is defined as the payload (the actual load)
divided by the load capacity with both payload and load capacity considered in
tons. However, figures presented as load factor or figures presented as being
based on average load factors may or may not include empty rides. In order to
distinguish clearly among different interpretations for a load factor, one should
preferably divide among (Bus, 1996):
A load factor (LF) related to the load capacity (C), the CLF, defined as the
payload in tons divided by the load capacity expressed in tons;
A load factor (LF) related to the distance (D), the DLF, defined as the loaded
vehicle kilometres divided by the total vehicle kilometres;
A load factor (LF) related to utilisation (U), the ULF, which is defined as the
transport performance in ton kilometres divided by the actual number of vehicle
kilometres times the load capacity (= the load capacity ton kilometres).
According to these definitions ULF = CLF x DLF.








211 2.79 0.68 0.90 0.20 0.39 1
Train 0.66 102 1.01 0.01 0.02 0.07 0.01
Inland ships 0.40 33 0.26 0.05 0.11 0.04 0.02
Tractor 1.20 88 1.21 0.29 0.36 0.11 0.05 2
Truck 1.68 123 1.40 0.24 0.35 0.15 0.08
Van 10.72 786 3.78 1.54 6.83 0.88 0.70
Train 0.61 44.1 0.28 0.01 0.02 0.02 0.01
Inland ships 0.60 44 0.79 0.04 0.04 0.06 0.05
*1 S= source; source 1 = Bouman, anno 1985 (1990); source 2 = Van den Brink, anno 1995
(1997).
*2 4.06 MJ/tonkm are the energy requirements for a truck, 1.40 MJ/tonkm are the energy
requirements for a tractor with semitrailer.
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Theoretical energy requirements
The system averages for (parts of) the Dutch transport system as presented in
the tables A.1 and A.2 can be used to compare rail, road and water transport on
a national level. However, they can not be used to study the impacts of
substituting one transport mode by another on a large scale, or to study the
impact of substituting one transport mode by another on the main routes only.
For such comparisons, sometimes, theoretical values for the direct energy
requirements and emissions are more suitable. The theoretical values can be
calculated based on formulas which include vehicles’ technical characteristics
and some other transport system characteristics, e.g. speed.
Formulas to calculate the specific direct energy requirements of rail, road and
water transport are (Van Laar, 1993):
For road transport
1
Sc = . ((ml+mv).g.ƒr + 0.5Cw.ρ.A.v2)
ηt.ml
in which: η(t) is the total efficiency, ml is the mass of the payload (kg), mv is
the gross mass of the vehicle (kg), g is the gravity (m/s2), fr is the rolling
resistance coefficient, Cw is the air resistance coefficient, A is the frontal surface
(m2,) and v is speed (m/s).
For rail transport
1
Sc = . ((0.42.A.v2+n.Mloc.g.ƒr) + (C.Mtr,max.v2+Mtr.g.ƒl)
ηt.ml
in which: η(t) is the total efficiency, ml is the mass of the payload (kg), A is
the frontal surface (m2), v is the speed (m/s), n is the number of locomotives,
Mloc is the mass of the locomotive (kg), g is the gravity (m/s2), fr is the rolling
resistance coefficient, C is a constant which depends on the ton/metre-mass of
the fully-loaded train, Mtr is the gross mass of the train (kg), Mtr, max is the
maximum mass of the train (kg) and fl is the rolling resistance coefficient.





in which: PE is the tug power (J/s), ηD is the push efficiency, ηmva is the
efficiency of the total system (consisting of the motor and other vehicle
components), ml is the mass of the payload (kg) and v is speed (m/s).
Next, the direct emissions can be calculated by multiplying the direct energy
requirements (in MJ/kg) by the emission factors of the various transport modes
(kg/MJ).
Table A.3 shows the direct energy requirements for several trucks, trains and
boats according to Van Laar (1993). He calculated the figures based on the
formulas above and based on assumptions for the vehicles’ characteristics and
some other factors. The figures show the influence of the tons of payload and
the type and size of the vehicles and load. All values are lower than the figures
of the corresponding transport modes presented in the tables A.1 and A.2.
However, the figures in table A.3 are based on average driving speed and not
on real driving characteristics. Therefore, the values of table A.3 are assumed
to be representative for the main infrastructure only.
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Table A.3 The direct energy requirements according to Van Laar (1993).
Transport mode Specifications MJ/tonkm
Road transport; v = 80 km/hours; payload (PL) X tons
Truck with semitrailer (40ton) PL 10 ton 1.10
Truck with semitrailer (40ton) PL 24 ton 0.55
Truck (18ton) PL 10 ton 0.78
Van PL 500 kg 6.86
Van PL 1500 kg 2.31
Rail transport; v = 80 km/hours;
consisting of N wagons and pulled by n diesel-electric locs
Ore train 20 wagons, 2 locs, PL 1100 tons 0.16
Container train 12 wagons, 1 loc, PL 180 tons 0.32
Container train 45 wagons, 2 locs, PL 675 tons 0.29
Water transport
Self-propelled barges v=16.25 km/h, PL 2990 tons 0.18
Coaster v=16.8 km/h, PL 1475 tons 0.12
Pusher-craft pushed-barges
combinations





3X2 barges; v =11.6 km/h,
PL 11760 tons
0.25
The energy intensities of economic sectors 263
Appendix B The energy intensities of economic sectors.
The economic sectors correspond to those considered in the Dutch input-output
tables which are published in the National Accounts (CBS-NR, 1991) of The
Netherlands. The input-output tables distinguishes 59 groups of economic
activities; each of these groups of activities corresponds with one row in the
input-output table. In this thesis, each of the economic activities will be referred
to as sector ’X’ whereas ’X’ is the input-output table row-number. This
appendix lists the cumulative energy-intensities of 57 economic sectors.
(2 groups of economic activities are not included in the list since they can not
be regarded as ’homogeneous’ economic activities or sectors.)
Table B.1 The energy intensities of economic sectors (1989).
No Description Cumulative energy-intensities
MJ/Dfl 1989
1 agriculture, horticulture and forestry 8.9
2 fishing 2.5
3 crude oil and natural gas production 0.8
4 other mining and quarrying 3.0
5 slaughtering and meat-processing industry 7.8
6 manufacture of dairy products 11.0
7 processing of fish, fruit and vegetables 6.0
8 grain-processing industry 8.5
9 sugar industry 19.0
10 flour-processing industry 5.3
11 manufacture of cocoa and chocolate 6.4
12 manufacture of margarine, starch, etc. 8.9
13 beverage industry 5.8
14 tobacco-processing industry 2.1
15 wool industry 8.5
16 cotton industry 11.6
17 knitting and hosiery industry 8.4
18 textiles industry 9.7
19 clothing industry 4.2
20 leather, footwear and other leatherware 6.0
21 wood and furniture industry 3.7
22 paper and cardboard industry 18.1
23 paperware and corrugated cardboard ind. 10.1
24 printing, publishing and related ind. 4.8
25 petroleum industry 1.1
26 chemical basic products industry 31.3
27 chemical final products industry 11.0
28 rubber and plastic-processing industry 13.3
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Table B.1 (continued)
29 manufacture of building materials, etc. 10.4
30 basic metal industry 22.2
31 manufacture of metal products 7.5
32 machinery 4.1
33 electrotechnical industry 4.4
34 automobile industry 5.2
35 manufacture of transport equipment 4.0
36 manufacture of instruments and optical goods 3.9
37 electricity generation 2.4
38 gas distribution 1.2
39 water supply 5.8
40 construction and installation 4.4
41 wholesale trade and retail trade 2.1
42 hotels, restaurants, cafes etc. 4.6
43 repair of consumer goods 3.0
44 sea and air transport 1.5




49 exploitation of and trade in real estate 1.3
50 business services etc. 1.5
51 government: civilian 1.9
52 government: military 3.0
53 government: education 1.9
54 social services etc. 2.6
55 health and veterinary services 2.4
56 culture, sports and recreational services 2.5
57 other services 2.6
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Appendix C Classes and groups of economic activities (CBS-NR, 1991).
Classes/ groups of industry
35 Machinery
351 Manufacture of agricultural machinery
352 Manufacture of metal-working machinery
353 Manufacture of machinery for food-processing, chemical
and related industries
354 Lifting and other transport equipment, manufacture of
machinery for mining, construction, building-materials
and metallurgic industry
355 Manufacture of cog-wheels, bearings and other driving
gears n.e.c.
356 Manufacture of machinery and other equipment for
industries
357 Manufacture of steamboilers, engines and turbines
358 Manufacture of office machinery
359 Manufacture of other machinery and apparatus
371/373 Automobile industry
371 Manufacture and assembly of automobiles
372 Manufacture of coach works and trailers
373 Manufacture of car parts
374/379 Manufacture of transport equipment
374 Ship building and ship repair industry
375 Manufacture of railway carriages and railway repair
376 Manufacture of bicycles and motorcycles
377 Aircraft construction and repair industry
378 Manufacture of other transport equipment
5 Construction and installation on construction projects
511-519 Construction
521-523 Installation on construction projects
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Appendix D The production energy and emissions in process analyses.
In the transport energy analyses of the chapters 3, 4 and 5 and the emission
analyses of chapter 7, analyses are carried out for the different products which
make up the transport system.
An energy analysis of a product distinguishes different orders. These orders
are related to the direct energy use and emissions, the transport energy and
emissions, the material use, the capital goods necessary to produce machinery
and the capital goods to produce machinery to produce machinery. Based on the
order scheme adopted at the IFIAS workshop (cf. figure 2.2), the Input-Output
Energy Analysis (IOEA) results of the transport products in the chapters 3, 4
and 5 are of an infinite order. The process energy analysis results are in fact a
combination of Process Energy Analysis (PEA) and IOEA. PEA is of a finite
order, IOEA of a infinite order; the result of the combination is of an infinite
order. In this PEA, the second order of the product analyses is calculated on a
process basis, in other words, based on material balances. The other orders are
calculated by IOEA.
This appendix deals with a methodology to calculate the energy requirements
and emissions in PEA and PEmA related to the first order, the second order as
far as materials which are not included in the material balances are concerned,
and the orders 3 and higher. The sum of these energy requirements and
emissions are referred to as the production energy and production emissions.
Appendix D.1 The production energy
Each product involved in the transport system is supposed to be produced by
one of the economic sectors considered in chapter 2. These sectors are
characterised by an energy intensity (EI), expressed in MJ/Dfl, which indicates
the energy efficiency with which these sectors produce their products. This
energy intensity includes the energy embodied in the products and materials
produced by other economic sectors and used by the sector considered.
For various products P, the methodology in this appendix describes a new
product-related energy-intensity for the sector by which P is produced (EIpr,P).
This EIpr,P includes:
A The cumulative energy embodied in the deliveries to the sector by sectors
other than those responsible for the deliveries (production) of the materials
which are included in the material balance of the product P.
B The direct energy requirements of the product parts which consist of
materials which are included in the material balance. These energy
requirements are nót included in the product’s materials and assembly energy
since the direct energy requirements are not included in GER values of the
materials.
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Ad B, e.g.: The energy embodied in (spare) tyres is only partly included in
the GER value of SBR (cf. 2.5.3) since this GER value of SBr only covers
the energy embodied in the raw material. Therefore, in calculating the total
energy embodied in a tyre, the total direct energy requirements for the
manufacturing of a tyre have to be added to the energy embodied in SBR.)
C The direct energy requirements of the sector by which product P is
produced. From here on, this energy is also called assembly energy.
Therefore, the value EIpr,P of each product incorporates:
- energy of the first order, i.e. the direct production energy (included in both
’B’ and ’C’);
- energy of the second order, i.e. embodied in materials not included in the
material balances (included in ’A’);
- energy of the third order, i.e. embodied in the capital goods required for
production (included in ’A’);
- energy of the fourth order, embodied in the capital goods required to
produce these capital goods (included in ’A’), and,
- energy connected to the higher orders (included in ’A’).
The products and corresponding economic sectors, specified by their class/group
number (and IO row number), under concern are shown in table D.1.1. For
these products and corresponding sectors, the table shows the sectors which
contribute to the product’s embodied energy by the input of materials included
in the material balances and the sectors which contribute to the product’s
embodied energy by routes A, B and C described above. The energy
requirements are either incorporated in the cumulative energy intensity of the
delivering sector, the C-EISectX, or in the direct energy intensity of the delivering
sector, D-EIsectX. (Subsection 2.3.2 contains more information about the direct
and cumulative energy intensities).
The value EIpr,P of product P, expressed in MJ/Dfl, is calculated as:
in which
EIpr, P is the product-related energy-intensity of product P
DELsectX,sectP are the deliveries of sector X to the sector by which product P is produced;
PRODvaluesectP is the production value of the sector by which sector P is produced;
D-EIsectX ∨ C-EIsectX is the direct or cumulative energy intensity of sector X; in case the contribution
of sector X is of type A (see main text), the C-EIsextX should be used; in case the contribution of
sector X is of type B or C (see main text), the D-EIsectX should be used.
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Table D.1.1 The contribution of the economic sectors to the production energy
EIpr,P of various products P (1990).
Product*1 RaVeh RoVeh Ships RaInf RoInf
Econ.sector/IO row no. 374-379/35 37/34 374-379/35 50/40 50/40
Delivering sector contributes by*2
21 - - - mat C-EI
25 - - - C-EI C-EI
26 C/D-EI*3 D-EI D-EI C-EI C-EI
27 D-EI C-EI D-EI C-EI C-EI
28 D-EI D-EI C-EI C-EI C-EI
29 D-EI/-*3 D-EI C-EI - -
30 mat mat mat mat C-EI
31 D-EI D-EI D-EI mat C-EI
32 D-EI D-EI D-EI C-EI C-EI
33 D-EI D-EI D-EI C-EI C-EI
34 - D-EI - - -
35 D-EI - D-EI - -
40 - - - D-EI D-EI
41 - - - C-EI C-EI
43 - - - C-EI C-EI
50 C-EI C-EI C-EI C-EI C-EI
EIpr,P MJ/Dfl 0.90/0.86*3 0.73 0.96 0.56 1.14
of which assembly energy 0.6 0.4 0.6 0.2 0.2
*1 Veh = vehicles; Inf = infrastructure; Ro = road; Ra = rail.
*2 Cf. next page.
*3 The first possibility refers to locomotives; the second one to wagons.
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Table D.1.1, *2: The four categories distinguished are:
Mat: the sector contributes by the energy incorporated in the materials which are included in
the material balance(s) of the product;
D-EI: (direct energy intensity): the sector contributes to the product’s embodied energy by its
direct energy use; another part of its contribution is incorporated in the (raw) materials input.
C-EI: (cumulative energy intensity) since the materials in the products delivered by this sector
are not included in the material balance of the product P concerned, the sector contributes by
the cumulative energy embodied in its products delivered;
-: the sector contributes neither by the embodied energy in materials nor by direct energy use
ONLY the categories D-EI and C-EI contribute to the value of EIpr,P.
Next, for each product P, the production energy is calculated as:
Eprod,P (in MJ) = INVcosts,P (in Dfl) X EIpr,P (in MJ/Dfl)
in which: Eprod,P is the production energy of product P;
INVcosts,P are the investments costs of product P;
EIpr,P is the product-related energy-intensity of product P.
Since the energy requirements calculated for product P largely consist of energy
related to the production (which is both the direct process energy of the first
order and the energy embodied in the capital goods necessary for the
production), these energy requirements are referred to as production energy.
However, part of the value is also determined by material input which is not
incorporated in the material balances.
Finally, for several products, table D.1.2 shows the value of EIpr,P, the assumed
investments costs and the value of Eprod,P.
Appendix D.2 The production emissions
Production emissions are defined analogous to the production energy (cf.
appendix D.1). The production emissions include:
- first order emissions, i.e. the direct production emissions;
- second order emissions, related to materials not included in the material
balances;
- third order emissions, related to the capital goods required for production;
- fourth order emissions, related to the capital goods required to produce these
capital goods, and,
- emissions connected to the higher orders.
In principle, the production emission figures can be calculated by means of a
methodology which is comparable to the methodology used to calculate the pro-
duction energy figures in appendix D.1. However, for such calculations one
needs the direct and indirect emissions per Dutch florin for each economic
sector. Unfortunately, contrary to the energy requirements per Dutch florin,
these are not available for all economic sectors. In fact, only CO2 and SO2
emission figures for the sectors 34, 35 and 40 are available (cf. table 2.10)
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Table D.1.2 The production energy of various products (1990).
Product Investments EIpr,P Production energy
Eprod,P
Vehicles Dfl/unit, x106 MJ/Dfl GJ/unit
Rail transport
Locomotive 5 0.90 4500
ST-locomotor*1 2 0.90 1800
Locomotor 1 0.90 900
Wagon 0.120 0.90 103
Road transport
20-tons truck .110 0.73 80
40-tons truck .220 0.73 161
Inland water transport*2
SP barge 582t*1 3 0.96/0.36 2880/1080
SP barge 1400t*1 4 0.96/0.36 3840/1440
SP barge 3000T*1 5 0.96/0.36 4800/1800
Pusher craft 10 0.96/0.36 9600/3600
Pushed barges 1.25 0.96/0.36 1200/4500
Infrastructure Dfl/km x 106 MJ/Dfl GJ/km
Rail
’average track’ 7 0.51 3570
Road
’average road’ 6.3 1.08 6804
*1 ST = Side Track; SP = Self Propelled;
*2 In chapter 5 of this thesis, the production energy of the vessels of the inland shipping fleet is
calculated in two different ways. For both methods, this table presents the IOEA-based part of
the production energy; the 1st value is the production energy inclusive the assembly energy of
sector 35; the 2nd value is the production energy exclusive the assembly energy of sector 35.
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It is possible to calculate these emission figures of the economic sectors by
means of a methodology developed by Wilting (1996) in order to calculate the
sector’s energy requirements. However, this is a very detailed and time-
consuming methodology. Therefore, another more simple methodology is
developed in order to estimate the production emissions for each product.
The production emissions of each product are calculated using the results of the
production energy analyses and by using the direct and cumulative emissions
of economic sectors as presented for IOEpPEmA in chapter 2 (cf. table 2.13).
For each product P, the ratio between the direct production energy intensity, i.e.
the assembly energy, and the product-related energy-intensity, i.e. the value
EIpr,P, is assumed to represent the ratio between the direct emissions and the
product-related indirect emissions. Yet, for each product P, the production
emission factor is calculated as:
Emprod,P (in g/Dfl)= %Ass X D-EmsectP (in g/Dfl) + %other X C-EmsectP (in g/Dfl)
in which:
Emprod,P are the production emissions of product P;
%Ass = assembly energy/ EIpr,P (both in MJ/Dfl); %other = 1 - %Ass (cf. table D.1.1);
D-EmsectP is the direct emission factor of sector P (cf. table 2.11);
C-EmsectP is the cumulative emission factor of sector P (cf. table 2.11);
Sector P produces the goods P.
Finally, for several products, table D.2.1 shows the values of Emprod,P.
Table D.2.1 The production emissions of various products (1990).
CO2 SO2 CO NOx VOC Aer
g/Dfl mg/Dfl
Trucks 24.97 16.18 3.95 33.93 1.44 1.12
Locomotives 24.13 15.24 3.93 32.04 1.35 1.01
Train wagons 21.29 13.48 3.44 28.42 1.19 0.89
Ships 28.39 17.88 4.66 37.48 1.59 1.19
Road infrastructure 60.88 46.38 25.73 92.89 6.14 3.71
Rail infrastructure 24.22 18.72 11.32 36.20 2.94 1.48
